In the paper, results of the study on manganese evaporation from the OT4 alloy are presented. In the experiments, the effects of pressure on the manganese evaporation kinetics and the stages that limit the evaporation rate were investigated. It was demonstrated that the rate of manganese evaporation from the alloy increased with pressure reduction in the system. When the pressure decreases from 1000 Pa to 10 Pa, the value of overall mass transfer k Mn increases from 3.9·10 −6 ms −1 to 208.4·10 −6 ms −1 . At the same time, the manganese fraction in the alloy decreased from 1.49% mass to 0.045% mass. Within the whole pressure range, the analysed evaporation process is diffusion-controlled. For pressures above 50 Pa, the determining stage is transfer in the gaseous phase, while for pressures below 50 Pa, it is transfer in the liquid phase.
Introduction
At present, each industrial branch focuses on innovations. The subjects of innovative activities may be products, technological processes, company organisation and management systems. Innovative activities are mostly forced by the market and regarding their beneficial results, they add to a better quality of products, enhanced production as well as often cost reduction and a less negative impact of a specific technological process on the environment [1] [2] [3] .
Also, innovations hold a clear position in the area of new material manufacturing. Improvements in this field are currently far more frequently observed than in the past. This is due to new design technologies, new research methods and advanced production technologies [4] . Examples of such material development are light titanium-based alloys -in recent years, a marked increase in their application has been observed. At present, the materials are utilized in the civil aviation and military aircraft, energy, chemical and automotive industries as well as medicine.
For melting processes of titanium and its alloys, the state-of-art arc, plasma, electron-beam and induction furnaces are used. The major problems with smelting of these materials are related to their strong reactivity in the liquid phase with virtually all melting pot materials, including particularly resistant thorium and calcium oxides. For this reason [5, 6] , the smelting process should be performed in chilled copper melting pots and a cold melting pot (so-called "skull crucible"), obtained from molten material with highly intensive heat evacuation, is particularly convenient. Another problem regarding titanium alloy smelting is an unfavourable process of alloy component evaporation due to a high melting temperature of the alloys and significant differences in vapour pressures of their individual components. It is clearly seen during Ti-Al-X alloy smelting and casting processes when the aluminium and other volatile element contents are reduced. In the literature, study results mostly concerning aluminium losses during titanium-aluminium-vanadium and titanium-aluminium-niobium alloy smelting are available [7] [8] [9] [10] . In the present paper, results of a study on manganese evaporation from the OT4 alloy are presented. The alloy is utilized in i.a. aerospace and energy industries as well as for production of chemical equipment. The material is also increasingly often used for implant production [11, 12] .
In the experiments, the effects of pressure on the evaporation kinetics of this alloy and the stages that limit the evaporation rate were investigated.
Authors' own study
For the experiments, the OT4 alloy was used (see Table 1 for the alloy composition). All experiments were performed in a vacuum induction furnace. The device, manufactured by Seco Warwick S.A., is designed for metal smelting at high vacuum. Additionally, it is equipped with an in-smelting sampling system. Each experiment began with introducing an alloy sample (about 1000 g) to the graphite melting pot placed in the induction coil of the furnace. After closing the furnace, pre-specified vacuum was generated with the use of a pump system, i.e. the mechanical, diffusion and Roots pumps. When the pressure level was stabilized, the melting pot was heated up to the required temperature and the metal bath was held for 600 sec. During each smelting experiment, metal samples were collected and analysed for titanium, aluminium and manganese fractions. The experiments were performed at 5 Pa to 1000 Pa for 1973 K and 2023 K. In Table 2 , sample final alloy compositions are presented.
Kinetic analysis
Kinetically, the process of manganese evaporation from the analysed OT4 alloy consists of three essential stages:
• transfer of manganese in the liquid phase to the interface (liquid metal surface), • evaporation reaction on liquid Mn l -Mn g surface, • transfer of gaseous manganese mass from the evaporation surface to the core of gaseous phase. The overall mass transfer coefficient (k) in the analysed evaporation process is determined by the following equation:
where:
and: β l -the mass transfer coefficient in the liquid phase, β g -the mass transfer coefficient in the gaseous phase, k e -the evaporation rate constant, R -the gas constant, T -the temperature, M m ; ρ m -the molar mass and density of the basic alloy component, respectively.
The value of overall mass transfer coefficient k can also be determined based on the experimental results, as follows:
where: F -the evaporation areas (interface), V -the liquid metal volume, (t − t o ) -the process duration, C t

Mn -the manganese concentration in the alloy after time t, C 0
Mn -the initial manganese concentration in the alloy. In Table 2 , the values of manganese overall transfer coefficient, determined with the use of equation (3) for the analysed evaporation process, are presented.
For proper identification of the stage that determines the evaporation rate, the values of β 1 , β g and k e coefficients must be known.
In order to estimate the β l coefficient during induction stirring of the metal bath, the following equation is mostly used:
where: D AB -the interdiffusion coefficient in the liquid phase, ν m -the near surface velocity of induction-stirred liquid metal, r m -the radius of liquid metal surface (assumed to be the melting pot inner radius).
The value of near surface velocity ν m is necessary for determination of the β l coefficient value. As demonstrated in many studies, it depends on the temperature, alloy composition as well as the melting pot's position in the furnace coil and the working frequency of the device [13, 14] .
The value of near surface velocity ν m was determined as follows:
where, respectively, ν 1 = 0.06 m·s −1 and ν 2 = 0.21 m·s −1 and (T 2 -T 1 ) = 300 K [15] .
Due to the lack of literature data concerning manganese diffusion in liquid titanium, its value was estimated with the use of Darken's equation. The values of titanium and manganese self-diffusion were, respectively: D T i =5.3·10 −9 m 2 ·s −1
and D Mn =7.8·10 −9 m 2 ·s −1 [16, 17] . In Table 3 , the values of manganese transfer coefficient in the liquid phase, determined with the use of equation (4), are presented. The evaporation rate constant k e can be determined based on the following equation [18, 19] :
In Table 3 , the values of evaporation rate constant k e , determined with the use of the equation (6), are also presented. In order to estimate the ϕ coefficient in the equation (2), the manganese activity coefficient value was assumed as γ Mn = 1.53. It was determined based on the data obtained by Kostova and Zivkovic [12] .
The liquid titanium density was determined as follows [20] :
The equilibrium pressures over pure Ti, Al and Mn components were determined based on known standard free enthalpies of the evaporation reactions, ∆ p G o i (T ). The values were obtained from the HSC Chemistry 6 thermodynamic database. The equilibrium pressure values were: 0.53 Pa for T=1973 K and 1.04 Pa for T=2023 K.
Discussion of results
While analysing the effects of pressure on the rate of manganese evaporation from the OT4 alloy, it was observed that with reduction of pressure in the measuring system from 1000 Pa to 10 Pa, the overall mass transfer k Mn values increased from 3.9·10 −6 ms −1 to 208.4·10 −6 ms −1 . At the same time, the manganese fraction in the alloy decreased from 1.49% mass to 0.045% mass.
Within the pressure range above 100 Pa, a weaker impact of pressure on the analysed process rate compared to the range of 10 Pa to 100 Pa was observed (Fig. 1) . The resistance values regarding individual process stages were determined with the use of the equation (1), based on the estimated β 1 and k e , values. It was seen that with pressure reduction in the system, the fraction of resistance related to mass transfer in the liquid phase in the overall manganese evaporation resistance significantly increased. It is illustrated by the data presented in Fig. 2 . For 1000 Pa, the fraction is 5% and for 10 Pa, it is about 85%.
The fraction of resistance related to evaporation in the overall process resistance within the analysed pressure range did not exceed 8% (Fig. 3) , mainly due to high values of manganese vapour pressure over the analysed liquid OT4 alloy. The analysis of obtained data also showed that with reduced pressure in the system, the fraction of resistance related to mass transfer in the gaseous phase in the overall manganese evaporation resistance decreased. It is illustrated by the data presented in Fig. 4 . For 1000 Pa, the fraction was above 95% and for 10 Pa, it was about 5%. 
Conclusions
Based on the results of OT4 alloy remelting at 1973 K and 2023 K as well as at 10-1000 Pa in the vacuum induction furnace, the following was demonstrated:
• The smelting process at reduced pressure is accompanied by an unfavourable phenomenon of manganese evaporation due to high manganese vapour pressures over liquid alloy compared to the titanium and aluminium pressures.
• The rate of manganese evaporation from the alloy increases with pressure reduction in the system. When the pressure decreases from 1000 Pa to 10 Pa, the value of overall mass transfer coefficient k Mn increases from 3.9·10 ms −1 to 208.4·10 −6 ms −1 . At the same time, the manganese fraction in the alloy decreased from 1.49% mass to 0.045% mass.
• Within the pressure range above 100 Pa, a weaker impact of pressure on the analysed process rate compared to the range of 10 Pa to 100 Pa was observed.
• Within the whole pressure range, the analysed evaporation process is diffusion-controlled. For pressures above 50 Pa, the determining stage is transfer in the gaseous phase, while for pressures below 50 Pa, it is transfer in the liquid phase.
• The fraction of resistance related to evaporation in the overall process resistance within the analysed pressure range is small and did not exceed 8%.
